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A論 文 内 容 要 旨         EA
Smartphone and other mobile devices provide various services such as phone call, data communication, 
and remote storage in a stand-alone manner. Portable wireless devices need to switch the front-end circuit 
configuration according to the frequency band and communication method required for each service. A radio 
frequency (RF) switch is used to switch between these circuits. In current mobile wireless devices, there are 
mainly used for switching between antenna and RF block, and plays a very important role. The RF switches 
are a semiconductor switch such as PIN diode and Ga-As FET. When the semiconductor switch is used high 
frequency, internal leakage current increases, and due to a leakage current at the time of interruption, the 
deterioration of cutoff characteristics is likely to occur. Therefore, instead of a semiconductor switch, an 
RF-MEMS (Micro Electro Mechanical System) switch fabricated using semiconductor microfabrication 
technology which has good signal characteristics, low power consumption and high cutoff characteristics at 
high frequencies is expected to solve the problems. 
Currently, the research and development of RF MEMS switches are active, and some devices have already 
been commercialized. The application includes switching probers in an LSI tester. There are various driving 
methods of actuators inside the RF MEMS switch used for these. When using an existing RF MEMS switch 
for a mobile wireless device, there are the following problems. (1) High operating voltage (several tens of 
volts or more) or high power consumption: In mobile devices, the operating voltage needs to be about 5 V or 
less, and low consumption is required. (2) A distance between contacts for high isolation: As the frequency 
becomes higher, low isolation due to an insufficient distance between contacts. (3) Contact force for low 
contact resistance: High resistance due to insufficient contact force during contacting. (4) Release force for 
preventive sticking and welding contacts: In order to reliably separate the contact between the Au to weld 
easily when at the time of signal interruption, the spring requires a large release force (repulsion force). (5) 
Necessary packaging except influence the RF property: In the MEMS, it is necessary the feed-through as 
throughout the RF signal and the driven line of the MEMS, long term hermetically sealing by wafer-level 
packaging (WLP) the MEMS and the lid wafer. In addition the problem, it is necessary to suppress the 
influence of RF characteristics by packaging. 
In this study, the actuator and the packaging technology for MEMS switches are developed to solve the 
problems. 
At first, the actuators for RF MEMS switches include thermal driven type, electromagnetic driven type, 
electrostatic driven type, and piezoelectric driven type. There are possible to drive low power consumption 
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high frequencies is expected to solve the problems. 
Currently, the research and development of RF MEMS switches are active, and some devices have already 
been commercialized. The application includes switching probers in an LSI tester. There are various driving 
methods of actuators inside the RF MEMS switch used for these. When using an existing RF MEMS switch 
for a mobile wireless device, there are the following problems. (1) High operating voltage (several tens of 
volts or more) or high power consumption: In mobile devices, the operating voltage needs to be about 5 V or 
less, and low consumption is required. (2) A distance between contacts for high isolation: As the frequency 
becomes higher, low isolation due to an insufficient distance between contacts. (3) Contact force for low 
contact resistance: High resistance due to insufficient contact force during contacting. (4) Release force for 
preventive sticking and welding contacts: In order to reliably separate the contact between the Au to weld 
easily when at the time of signal interruption, the spring requires a large release force (repulsion force). (5) 
Necessary packaging except influence the RF property: In the MEMS, it is necessary the feed-through as 
throughout the RF signal and the driven line of the MEMS, long term hermetically sealing by wafer-level 
packaging (WLP) the MEMS and the lid wafer. In addition the problem, it is necessary to suppress the 
influence of RF characteristics by packaging. 
In this study, the actuator and the packaging technology for MEMS switches are developed to solve the 
problems. 
At first, the actuators for RF MEMS switches include thermal driven type, electromagnetic driven type, 
electrostatic driven type, and piezoelectric driven type. There are possible to drive low power consumption 
with an electrostatic or piezoelectric driven type. Electrostatic driven type is low power consumption, and it 
is already practically used. However, this type needs high driven voltage when it has a large displacement. 
Also, low driven voltage is possible but the electrode for driven needs very large size. Therefore, it is not a 
small size for the mobile application. Piezoelectric driven type is low power consumption. In this type, the 
generated force is high by thicker than thicker the piezo layer. However, the driven voltage of the thicker 
piezo needs to be large, so it not available for mobile devices in this state, but it is promising the small size. 
This type can drive at low voltage if one piezoelectric layer is thin. 
Therefore, in this study, there is developed a piezoelectric actuator that can drive at low voltage. By 
stacking piezoelectric films sandwiched between thin electrodes, the apparent piezoelectric layer thickness 
and voltage are increased. In this way, the piezoelectric actuator can drive at low voltage and generate large 
force. Since large generating force is required, PZT (lead zirconate titanate) with MPB (Morphotropic 
Boundary Phase) composition which can be expected to have high piezoelectric constant is used for a 
piezoelectric driven actuator. 
Next, there are developed the packaging technology that does not affect hermetic sealing and high 
frequency characteristics. There are packaging methods that can take out the feed-through from 
hermetically area; there are problems to use for MEMS using the piezoelectric actuator. Anodic bonding 
using a glass wafer or LTCC wafer with the feed-through is possible to achieve a good hermetic bonding, but 
a temperature of 400°C or more and an applied voltage of 1000 V or more are necessary to bonding at the 
time. Therefore, the performance of the piezoelectric actuator is affected. In addition, through-interconnect 
wafers with feed-through are expensive. The bonding using a glass frit is a simple bonding method, and the 
step of the in-plane feedthrough is solved by melting the glass frit. However, the bonding temperature is 
required to be 400°C or more, so the performance of the piezoelectric actuator is affected. The width of the 
bonding ring is generally as large as 300 μm or more, In addition, there is degassing of organic matter from 
the glass frit, and the pressure of the hermetically sealed area is 1000 Pa or more. 
Therefore, in this research, there is developed a hermetically bonding using Au-Au bonding which can 
solve these problems. 
 
In Chapter 2, the development of the piezoelectric actuator for a low voltage driven is reported. The 
performance of PZT actuator for RF MEMS switch is required to have a contact gap of 5 μm or more. At that 
time, the contact force of 50 μN or more, and the repulsive force of 50 μN or more are required. Here, the 
model is considered an actuator of cantilever composed of PZT and Si. The calculated values of the 
maximum displacement is 19 μm and it of the maximum generating force is 180 μN, when the thickness of 
PZT is 0.8 μm, the thickness of Si is 5.0 μm, the length of the cantilever is 500 μm, the width is 200 μm, the 
driving voltage is 20 V, piezoelectric constant (d31) is -80 pm/V, Young's modulus of PZT is 90 GPa, and 
Young's modulus of Si is 168 GPa, The electric field in PZT film at this time is 250 kV/cm.  
If the driven voltage is 5 V, the PZT thickness of one layer of this electric field is 200 nm, and the PZT 
layers need 4 layers. For confirmation of the effects of low-voltage driving of the stacking of the PZT thin film, 
focusing only on the PZT layer of the four layers, it is designed the cantilever only PZT and the electrode. In 
order for the cantilever to bend, an elastic plate is necessary. Since the elastic plate is also made of PZT and 
electrodes, the lower PZT (include the electrode) is not piezoelectric driven. The 4 layers of 200 nm PZT 
sandwiched between 100 nm Pt/Ti electrodes are stacked on there. It is constructed a calculation formula for 
calculating the maximum displacement of this model. The maximum displacement of 65 µm and generated 
force of 14.1 µN are calculated in this cantilever, when driven voltage is 5 V, PZT of the piezoelectric driving 
layers are 4 layers, PZT thickness is 200 nm, Pt/Ti thickness is 100 nm, cantilever length is 500 μm, the 
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width is 200 μm, Young’s modulus of Pt is 166 GPa. As a result of measurement after manufactured the 
multi-layered PZT thin film actuator, the maximum displacement is 43 to 60 μm and the maximum 
generating force is 16 ± 2 μN.  
This result roughly agrees with the calculated value based on the constructed calculation formula, and the 
generated force and the release force required for the actuator of the RF MEMS switch showed that the film 
thickness and width of the PZT per layer, the length of the cantilever and the thickness of Si can be 
calculated by calculation based on the driving voltage. From the above, there is developed the multi-layered 
PZT thin film actuator modeling piezoelectric drive part among Si and PZT actuators. 
By constructing this thin film PZT stacked actuator as a piezoelectric driven layer on Si elastic plate, it can 
be driven at low voltage and it can be used as an actuator of RF MEMS switch. 
 
In chapter 3, the development of wafer-level packaging (WLP) is reported. 
In MEMS, since there are moving parts inside the sealed cavity, it is necessary to take out the wirings 
used for power supply and signal lines from the area while maintaining the internal space in a vacuum or 
hermetically state. This wiring method is called feedthrough. In the packaging method for an existing RF 
MEMS switch, using a glass frit or an anodic bonding has an influence on the piezoelectric actuator because 
the temperature of bonding is high. The degases occur from the glass frit and remains in the sealed cavity. In 
the case of using a glass frit or a metal paste, the bonding margin is large and it may not be suitable for 
miniaturization of the chip. Therefore, it is needed a new wafer level packaging to solve the above problems. 
It is required that the bonding temperature is about 300°C or lower, it does not influence RF characteristics. 
It has been the destination for isolation of -30 dB and insertion loss of -0.5 dB at 10 GHz for high frequency 
characteristics, and for a leak rate of 1 × 10-15 Pa m3/s or less. A bonding method in which the bonding 
temperature is 300°C or lower is considered to be Au-Au bonding which is easily deformed by 
thermos-compressive bonding except using a metal paste.  
Therefore, it is designed the Au-Au-bonding-based wafer-level vacuum packaging technology using 
in-plane feedthrough of thick Au signal lines for RF MEMS. In order to realize hermetically sealed bonding 
at a low temperature of 300°C or less, it is optimal to use Au without an oxide film on the bonding surface. 
The seal ring using Au is deposited by plating, and the irregularity of the plating surface is flattened by 
polishing or the like. The width of the plating seal ring can be reduced to the limit of photolithography which 
width is roughly the same as the height of plating. The plating seal ring reduces the bonding margin and 
enables space saving. Then, to simplify the MEMS fabrication process, it is desirable that is no through VIA 
in the wafer. Therefore, the in-plane feedthrough is used to take out the signal and the driven line from 
inside. The isolation layer is deposited on the feedthrough for the signal line and the driven line, and then, 
The Au seal ring is plated on it. The Au seal ring is fly-cut using a diamond bite to planarize the steps caused 
by the feedthrough. The manufacturing processes of the signal line wafer are as follows. The signal lines are 
using CPWs (Co-Planar Waveguides) which of 100, 50, and 100 µm width are fabricated from Au(1000 
nm)/Pt(100 nm)/Ta(20 nm) on a 4 inch φ Si wafer with a high resistivity. A SiOx insulator of 12 µm thickness 
is deposited by TEOS PE-CVD on a 30 nm thick Al2O3 adhesion layer, which is deposited by ALD. Au seal 
ring of 20 µm width is electroplated and planarized to a height of 5 μm by fly cutting. Finally, the insulation 
layer is patterned into the seal ring. The cap wafer is made of a Si wafer with high resistivity and Au seal 
ring of 400 nm thick. The signal line wafer and the cap wafer are thermocompression bonded at 300°C in a 
vacuum. The RF characteristic of open/close signal lines is measured up to 10 GHz using a vector network 
analyzer. The cavity pressure is evaluated by “zero balance method” using the Si diaphragm. 
After WLP, the isolation characteristic is -29 dB, insertion loss is -0.5 dB at 10 GHz. Although the isolation 
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The Au seal ring is plated on it. The Au seal ring is fly-cut using a diamond bite to planarize the steps caused 
by the feedthrough. The manufacturing processes of the signal line wafer are as follows. The signal lines are 
using CPWs (Co-Planar Waveguides) which of 100, 50, and 100 µm width are fabricated from Au(1000 
nm)/Pt(100 nm)/Ta(20 nm) on a 4 inch φ Si wafer with a high resistivity. A SiOx insulator of 12 µm thickness 
is deposited by TEOS PE-CVD on a 30 nm thick Al2O3 adhesion layer, which is deposited by ALD. Au seal 
ring of 20 µm width is electroplated and planarized to a height of 5 μm by fly cutting. Finally, the insulation 
layer is patterned into the seal ring. The cap wafer is made of a Si wafer with high resistivity and Au seal 
ring of 400 nm thick. The signal line wafer and the cap wafer are thermocompression bonded at 300°C in a 
vacuum. The RF characteristic of open/close signal lines is measured up to 10 GHz using a vector network 
analyzer. The cavity pressure is evaluated by “zero balance method” using the Si diaphragm. 
After WLP, the isolation characteristic is -29 dB, insertion loss is -0.5 dB at 10 GHz. Although the isolation 
does not reach the target value, it can be sufficiently attained by changing the seal ring width, the thickness 
of the insulating layer, and the material. The pressure of the sealed cavity, which is 500 Pa measured by 
“Zero-balance method”. No cavity pressure change is found for 24 months, demonstrating excellent 
hermeticity. The calculated leak rate is less than 8 × 10-16 Pa m3/s. 
From the above, the new WLP with in-plane RF feedthrough based on Au-Au thermocompression bonding 
was developed. To guarantee the hermetic sealing, the adhesion between the thick Au lines and a SiOx 
dielectric frame is improved by an Al2O3 interlayer by ALD. The steps of the dielectric frame above the thick 
Au lines are absorbed by an electroplated Au seal ring planarized by fly cutting. The thermocompression 
bonding of the Au seal rings of 20 µm width was done at 300°C. A cavity pressure of about 500 Pa or lower 
was measured by “Zero-balance method” using Si diaphragms. Vacuum sealing was maintained for more 
than 24 months, and the leak rate is less than 8 × 10-16 Pa m3/s. The isolation characteristic is -29 dB, and 
the insertion loss is -0.5 dB at 10 GHz. Although it has not reached the target value, it can be achieved by 
the redesign of the design. The developed wafer-level packaging technology is ready for applications to an RF 
MEMS switch. 
 
In chapter 4, the uniform PZT deposition by automatic sol-gel deposition machine is reported. 
The major deposition method of PZT is a sol-gel method because of its good uniformity and simplicity. In the 
laboratory, there is deposited a PZT film on a 20 mm square wafer using the sol-gel method, but a deposition 
on a 4 inch φ wafer which is often used in mass production prototyping is not as easy as deposition on a 20 
mm square wafer. Therefore, when depositing a PZT on a 4-inch φ wafer used for mass-production 
prototyping, we would like to automatically deposition a film. At present, different PZT sols are 
commercially available, and users are interested in which is the best-fitted sol for their applications and 
deposition tools. 
In this study, PZT thin films were deposited using different commercial sols, and their characteristics were 
evaluated and compared in terms of film thickness, crystal orientation, and ferroelectric property. The 
uniformity of the film thickness of the PZT in the wafer surface should be within 5%. There is used a sol-gel 
solution of MPB composition which can obtain high piezoelectric characteristics, so there is found the 
conditions with high intensity of (111) orientation of PZT. Then, it is confirmed that the piezoelectric constant 
d31 at the thickness of about 1 μm of PZT can be secured to the practical lower limit of -70 pm/V or more in a 
deposition by the sol-gel method. 
Three commercially available sol-gel liquids were used to deposit PZT. The crystal orientation was 
evaluated by XRD measurement using RTA temperature and drying temperature as parameters, but RTA 
was 650°C and drying was 180°C for any sol-gel solution. The condition finally set in this experiment 
(specifically, spin coating rotation speed is 3000 rpm, drying temperature is 180°C, pyrolysis temperature is 
350°C, and RTA temperature is 650°C) is appropriate as the standard condition of this automatic sol-gel 
deposition machine. It seems good to optimize each condition with this as a starting point. In addition, it 
showed that the piezoelectric constant d31 of PZT is more than -75 pm/V, whichever sol-gel solution is used, 
and it meets the target value. 
 
In this study, the Multi-layered PZT Thin Film Actuator and Metal-bonding-based Packaging with 
In-plane Feedthrough for RF MEMS Switches are developed. These technologies are ready for RF MEMS 
switches. 
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